The detection and quantitation of apoptotic cells is becoming increasingly important in the investigation of the role of apoptosis in cellular proliferation and differentiation. The pathogenesis of hematologic disorders such as aplastic anemia and the development of neoplasia are believed to involve dysregulation of apoptosis. To quantitate accurately the proportion of apoptotic cells within different cell types of a heterogeneous cell population such as blood or bone marrow, a method is required that combines the analysis of large numbers of cells with concurrent immunophenotyping of cell surface antigens. In this study, we have evaluated such a method using the fluorescent DNA binding agent, 7-amino actinomycin D (7AAD), to stain three diverse human POPTOSIS, OR PROGRAMMED cell death, is a critical process in tne regulation of cellular proliferation and differentiation. In normal hemopoiesis, for example, apoptosis is involved in regulating the rate of committed cell production through the sensitivity of progenitor cells to the presence or absence of survival factors; withdrawal of normal survival factors leads to apoptosis of progenitor cells.' The pathways of cellular proliferation and apoptosis appear to be inexorably linked to minimize the occurrence of neoplasia.* Dysfunction of apoptosis has been proposed as a pathogenic process in bone marrow disorders (such as aplastic anemia),3 malignant and the pathology of
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Examining the role of apoptosis in both health and disease states requires a method for the detection and quantitation of apoptotic cells within a heterogeneous population, which should be sensitive, specific, and simple to perform on multiple samples. Staining with 7-amino-actinomycin D (7AAD) fulfills these criteria and allows dual staining for cell surface antigens, so that apoptosis within subpopulations can be assessed.
Apoptosis is characterised by certain morphological features (cell and nuclear shrinkage, cytoplasmic blebbing, and nuclear and cytoplasmic fragmentation) and, in most cases, by DNA fragmentation producing the classic DNA ladder on agarose gel electrophoresis.'~'" This is caused by the acti- vation of a specific endonuclease, which cleaves DNA into nucleosome-sized fragments of 180 bp or multiples thereof."." There are many ways of detecting apoptosis, but all have disadvantages, particularly in quantitating numbers of apoptotic cells. Methods include (1) simple morphological assessment to detect features outlined above using light or electron microscopy or time-lapse photographyI3.l4 and (2) the detection of DNA fragmentation by gel electrophoresis12.15,'h or by terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL)." The use of flow cytometry-based methods of detecting apoptotic cells has the advantage that large numbers of cells can be rapidly and accurately examined and allows for easy quantitation of specific populations. Most methods involve permeabilization of the cell membrane and the use of fluorescent DNA-binding agents to detect the lower DNA content of the apoptotic cell nucleus, eg, staining with propidium iodide (PI).'x~''l 7AAD is a fluorescent DNA-binding agent, which intercalates between cytosine and guanine bases. In combination with Hoechst 33342, it has been used to define dead (7AAD-bright), apoptotic (7AAD-dim), and live (7AAD-negative) populations by flow cytometry; however, this requires cell fixation and UV-laser excitation." Schmid et al" have shown that, used alone to stain unfixed cells, 7AAD can define the three populations without the need for dual staining with Hoechst 33342. Discrimination of the three populations was validated by cell sorting and morphological examination alone.
In this study, 7AAD was used as a single agent to detect apoptotic cells by fluorescence-activated cell sorting (FACS) so that large numbers of cells could be analyzed simply and quickly. To validate the method described by Schmid et a1," three human cell lines were studied, ( I ) a T-cell leukemia cell line known to undergo apoptosis rapidly after treatment with topoisomerase inhibitors; (2) a growth factor-dependent hemopoietic progenitor cell line that undergoes apoptosis on growth factor withdrawal, perhaps more analogous to the occurrence of apoptosis in BM; and (3) an adherent, drugresistant carcinoma cell line, which requires prolonged drug treatment to induce apoptosis. Live, apoptotic, and dead populations were defined on the basis of 7AAD staining, and these results were validated by cell sorting, followed by Little Chalfont, UK] and 66% distilled water) was loaded onto each slide. Negative controls consisted of slides incubated in reaction mix lacking TdT. Slides were incubated for 60 minutes at 37°C while protected from light. After this time, they were washed well in PBS, mounted in a solution of 48% PBS, 48% glycerol, and 4% formaldehyde, and examined using the fluorescence microscope (wavelength, 488 nm). The percentage of apoptotic cells was recorded and a visual record made photographically. Some samples were examined by in situ nick translation using the ApopTag peroxidase kit (Oncor, Eastleigh, UK), according to the manufacturer's instructions.
DNA gel electrophoresis. DNA was extracted from 10 X IO6 cells by the Tri-Reagent method (Molecular Research Center, Cincinnati, OH).23 Briefly, cells were lysed in 1 mL Tri-Reagent. Chloroform (0.2 mL) was added, and the sample was centrifuged at 14,000 rpm at 4°C for 15 minutes. The aqueous phase was separated (RNA was subsequently extracted from this phase), and 0.3 mL aqueous ethanol was added. After centrifugation at 14,000 rpm at 4"C, the DNA pellet was washed twice in 0.1 mol/L sodium citrate/lO% ethanol. The pellet was then resuspended in 1.4 mL 70% ethanol and left at room temperature for 20 minutes. After centrifugation, the supernatant was discarded and the DNA was air-dried. It was then dissolved in 200 pL 8 mmol/L sodium hydroxide and left overnight at 4°C. The pH was then adjusted to 8.4 with 13.2 pL 0.1 m o m HEPES. DNA was loaded onto 1% agarose gel and run for 2 hours at 65 V, The DNA ladder was visualized by staining with ethidium bromide and examination under UV light.
Time-lapse photography. Time-lapse video photography of treated and control T3M-4 cells was performed at the Imperial Cancer Research Fund (ICRF) Laboratories (London, UK).'3.'s Control cells were filmed for 17 hours, and treated cells were filmed for 24 hours. Frames were taken every 60 seconds, and cell numbers were counted by eye at time points of 3, 6, 12, and 24 hours.
RESULTS
Induction of apoptosis in cell lines. JURKAT cells were treated with various doses of camptothecin and then stained with 7AAD. Typical FACS scattergrams of control and treated cells are shown in Fig 1A and B. This shows the three regions defined by 7AAD staining: 7AAD-negative (live cells), 7AAD-dim (apoptotic cells), and 7AAD-bright (late-apoptotic or dead cells). The proportion of apoptotic and dead cells increased in all cases in a dose-dependent manner (Fig 2A) . A dose of 20 pg/mL camptothecin was used in subsequent experiments on the basis of the dose response. That the increase in the proportions of cells appearing in the 7AAD-dim and 7AAD-bright regions was caused by apoptotic cell death was shown by the formation of typical DNA fragmentation ladders from treated cells but not from control cells (Fig 3) .
TF-1 cells were deprived of GM-CSF for up to 4 days to induce apoptotic cell death; typical scattergrams of control cells and of cells deprived for 4 days are shown in Figs 1C and D. Figure 2B shows the mean ? SEM increase in total nonviable cells with prolonged deprivation. Again, that this was caused by apoptosis was shown by DNA fragmentation ladders produced from deprived cells (Fig 3) .
T3M-4 cells required prolonged treatment with camptothecin as compared with that for the JURKAT cells. Representative scattergrams of these cells stained with 7AAD, both before and after 24 hours of incubation with camptothecin, again showed the three regions (Figs 1E and F). T3M-4 cells showed a dose-dependent and time-dependent increase in the proportion of apoptotic and dead cells ( Fig  2C) . In subsequent experiments, cells were incubated with 10 pg/mL camptothecin for 24 hours. No DNA fragmentation ladders were produced, even when 65% of the cells were nonviable (data not shown). However, time-lapse photography of treated T3M-4 cells clearly showed them to be dying by apoptosis (Fig 4) . Sorting of cells by 7AAD-dejned regions. The FACStar Plus cell sorter was used to sort all three cell types, according to the regions defined by 7AAD staining. Table 1 shows the purities of the 7AAD-negative, 7AAD-dim, and 7AAD-bright populations before and after cell sorting. Population purity was highest for large, well-defined regions.
Morphology of sorted cells. MGG staining of cytospin preparations of the sorted populations confirmed that cells from each of the three 7AAD-defined regions represented cells with very distinct morphological features. Figure 5 shows sorted JURKAT cells from the three regions. Apoptotic features noted in the 7AAD-dim cells included cell shrinkage, membrane irregularity and cytoplasmic blebbing, nuclear condensation and fragmentation, and, finally, cellular fragmentation. Similar distinct morphological features were observed in the sorted samples of the other cell lines.
TUNEL conjrmation of apoptotic cell death. TUNEL was used to confirm further that the cells from the 7AAD-dim region were apoptotic. Incorporation of FITC-dUTP into apoptotic DNA was detected using fluorescence microscopy. Live cells showed no greater fluorescence than negative controls (data not shown). The proportion of TUNEL-positive cells correlated well with the proportion of apoptotic 7AAD- dim cells in both sorted and unsorted samples. Figure 6 shows TUNEL preparations of sorted TF-I cells from the three regions; this assay also showed that the 7AAD-bright, or dead. cells had died by apoptosis because their DNA was still labeled in the TUNEL assay (Fig 6C) . T3M-4 cells were examined by TUNEL using both labeling with FITC-dUTP and with digoxygenin-peroxidase (ApopTag; see Fig 7) : both assays confirmed the apoptotic nature of the 7AAD-dim cells, even though this region was least clearly defined in this cell type (contrast Figs IB and D with F).
DISCUSSION
In this study, we have validated the method of 7AAD staining in adherent and nonadherent human cell lines, using a combination of other techniques for detecting apoptotic cells. 7AAD staining consistently defined three populations, which were confirmed to represent live, apoptotic, and dead cells after FACS cell sorting. This method was able to measure reproducibly both dose-and time-dependent effects of a variety of apoptosis-inducing stimuli. Furthermore, our results in the T3M-4 cell line emphasize the importance of validating any new method of detecting apoptosis in a given cell system.
There are many methods of detecting apoptotic cells, but all have disadvantages, particularly in the quantitation of cells. The simplest is light microscopy. which can show many of the morphological features characteristic of apoptosis. However, the assessment is subjective and may miss a small and transient apoptotic population. Electron microscopy is much more sensitive but is not readily available, and apoptotic cells thus detected cannot be easily quantitated. Time-lapse photography is believed to be the "gold standard" for identifying and quantitating apoptotic cells,'3.'5 but the process requires expensive equipment and specific expertise: therefore, it is not widely applicable.
DNA fragmentation has been considered for many years . .
-_. to be the hallmark of apopto~is.".'~~'~ However, the presence of a DNA ladder is purely qualitative. Furthermore. large numbers of apoptotic cells may be required to visualize a DNA ladder. typically S X IO" per ladder. The amount of fragmented DNA can be quantitated using densitometry," but this method gives no information about cell number. Also, it is becoming clear that apoptosis can occur (as detected by morphological changes and time-lapse photography) in the absence of a detectable DNA ladder (Kulkami and McCulloch,'x Cohen et al,"' Cohen,"' and our unpublished observations). Flow cytometry provides a simple and rapid means of analyzing large numbers of cells and allows for easy quantitation of specific populations. PI staining has been widely used to detect and quantitate apoptotic PI binds to DNA: because the fragmented DNA of apoptotic cells is able to diffuse more rapidly out of the fixed cell, these cells have a lower DNA content and, therefore, have lower mean fluorescence than do live cells, thereby producing the so-called sub-G 1 peak on fluorescence histogram~.".'~ The method requires permeabilization of the cell membrane and. therefore, precludes concurrent immunophenotyping, which would allow the nature of the cells undergoing apoptosis to be further defined." A sub-GI peak is not observed in all cell systems in which apoptosis is noted to occur by other methods.'" The sub-GI peak simply represents cells with reduced DNA content and thus. in addition to apoptotic cells, may be contaminated with cells whose DNA is nonspecifically degraded during necrosis. Other DNA-binding agents have been used to detect apoptosis by flow cytometry, but many, such as ethidium bromide. share the disadvantages of PI. Hoechst 33342 binds preferentially to the DNA of apoptotic, rather than live, cells and, in combination with PI for dead-cell discrimination. provides an efficient means of quantitating the three populations.3" Dual staining for cell surface markers is also possible, because no permeabilization step 
is necessary if Hoechst 33342 is the only DNA dye used.3' However, this dye requires UV laser excitation, which is not widely available in standard flow cytometers.
Activation of the DNA endonuclease and subsequent DNA cleavage results in free 3'-hydroxyl (3'OH) groups in apoptotic DNA. These 3'OH groups can be detected by specific labeling by the enzyme TdT, which will add labeled bases to these 3' ends, ie, TUNEL.32. 33 Bases can be labeled with fluorescent compounds (eg, FITC) and visualized directly by fluorescence microscopy and flow cytometry or with biotin or digoxygenin and can be indirectly identified using secondary labels such as fluoresceinated avidin or peroxidase and chromogenic s~b s t r a t e . "~~~ This method for identifying and quantitating apoptotic cells is both sensitive and specific, but it is expensive and, unless performed by FACS, requires manual counting, thus limiting both the number of cells that can be assessed and the accuracy of the method.
Staining with 7AAD and analysis by FACS has several advantages over the existing methods outlined above. The staining process is rapid and cheap and, because the apoptotic cells are quantified by the FACS software and not by the eye (as in morphological or TUNEL assessments), large numbers of cells can be examined (minimum of 50,000 in current experiments). Cells are stained before fixing in 2% PF, which has two advantages. Together with the rapidity of the assay, it means that cell morphology and physiology are preserved and the cell membrane is not permeabilized; therefore, concurrent immunophenotyping of cell surface antigens is possible, so that the cell subtypes undergoing apoptosis in heterogeneous populations can be accurately defined." Secondly, fixation in PF after staining means that potentially infectious samples can be handled. The fluorescence is stable for up to 2 hours postfixation because of the high DNA-binding constant and slow dissociation rate of 7AAD, which reduces the rate of leakage of 7AAD out of the positive cells into unstained cells after fixation." We have found that, in samples analyzed within 1 hour, the proportion of cells in each region is unchanged (data not shown).
Any new method of measuring apoptosis needs to be validated in multiple cell systems and by using established methods of detecting apoptotic cells. Schmid et a1 used human thymocytes and peripheral blood mononuclear cells and confirmed the 7AAD results by FACS cell sorting and morphological examination and by the presence of DNA fragmentation ladders in treated samples." We have extended the experience with 7AAD using three human cell lines, JUR-KAT, TF-1, and T3M-4, in which apoptosis has been induced by three different means. These cell systems give different patterns of 7AAD staining (see Fig 1; although three distinct regions can be identified in all cases) and differ in their other apoptotic characteristics (eg, T3M-4 does not show DNA ladder formation). Cell sorting provided pure populations from each region (Table l) , which could then be submitted to the other assays, without excess contamination from other cell types. Because apoptosis is a dynamic process, measurement of the proportion of 7AAD-dim cells gives no indication of the total amount of cell death over time but is related to the rate of apoptosis in a given cell system. Therefore, results were expressed as the sum of the 7AAD-bright and 7AAD-dim cells. Accumulation of cells in the 7AAD-bright region (dead cells) is an important clue to the occurrence of apoptosis in the TF-l cells (Fig 1D) . Indeed, sorted TF-1 cells with high 7AAD fluorescence showed characteristic apoptotic morphology and were positively labeled by TUNEL (Fig 6C) , indicating that they had undergone programmed cell death. These cells all stained positively with trypan blue and presumably represent the end-stage of apoptotic cell death, when membrane integrity is lost; whereas those with dim 7AAD fluorescence are still viable (trypan blue-negative) and are at an earlier stage of apoptosis.
The 7AAD assay provided additional evidence that the T3M-4 cells were dying by apoptosis in this system. DNA ladders could not be produced from these cells, even though it was clear from time-lapse photographic study that these cells were undergoing apoptosis (Fig 4) . After treatment with camptothecin, there was a dose-and time-dependent increase in the 7AAD-dim + -bright population (Fig 2C) . However, the dose required to induce apoptosis was larger, and the time course of cell death longer, than that in the JURKAT cells, perhaps reflecting the inherent drug resistance of the T3M-4 cell line. TUNEL assay of this sorted population confirmed that the cells were apoptotic. It has been reported that DNA ladders are not identifiable in some cell syst e m~,~~. " . "
perhaps indicating a different mechanism of programmed cell death. This observation underlines the need to evaluate the means of detecting apoptotic cells in each cell system and to compare new protocols critically with established methods.
Unlike the use of other DNA-binding agents, the 7AAD method does not rely on the leakage of low molecular weight DNA fragments from the cell to produce a sub-G 1 peak on the fluorescence histogram. Its exact mode of action is unclear, but it is thought to have a different interaction with the membrane of apoptotic cells as compared with that of live cells so that the dye can pass more quickly through the cell membrane, perhaps because of alterations in membrane physiology occurring during apoptosis (eg, changes in membrane transport pumps). Ormerod et al'" have shown that altered membrane permeability is responsible for the increased fluorescence of unfixed apoptotic cells stained with Hoechst 33342. 7AAD has the advantage over PI and related compounds in that it is able to identify early apoptotic cells (7AAD-dim), which retain membrane integrity separate from late-apoptotiddead forms (7AAD-bright), in which membrane integrity has been lost. This is particularly important in systems in which apoptosis is not induced simultaneously in all cells. Accumulation of late apoptotic/dead cells is a major clue to the number of cells that have undergone apoptosis over an extended period of time.
Therefore, 7AAD staining to quantitate live, apoptotic, and late-apoptotic/dead cells by FACS has been evaluated in three diverse human cell lines, and the nature of the cells in the three regions has been verified by cell sorting and, subsequently, by a combination of established methods. This method is quick, simple, reproducible, and cheap and will be a valuable tool in the investigation of For personal use only. on October 27, 2017. by guest www.bloodjournal.org From
